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(Ahmad et al., 1995). Overexpression of the CRY1 photo-Department of Biology
receptor results in hypersensitivity to blue/UV-A light,University of Pennsylvania
with transgenic seedlings exhibiting unusually short hy-Philadelphia, Pennsylvania 19104
pocotyls and high levels of anthocyanin (Lin et al., 1996).
CRY2, the second member of the Arabidopsis crypto-
chrome family, also affects hypocotyl elongation (Ah-
mad et al., 1998a; Lin et al., 1998). The CRY2 proteinSummary
is light-labile and, in accordance with this, the long-
hypocotyl phenotype associated with the cry2 mutantCryptochrome blue light photoreceptors share se-
is most discernible under low-intensity blue light. Bothquence similarity to photolyases, flavoproteins that
cry1 and cry2 mutations may affect flowering time (Bag-mediate light-dependent DNA repair. However, cryp-
nall et al., 1996; Guo et al., 1998). Indeed cry2 is allelictochromes lack photolyase activity and are character-
to fha, first characterized as a late-flowering Arabidopsisized by distinguishing C-terminal domains. Here we
mutant (Koornneef et al., 1991). An additional propertyshow that the signaling mechanism of Arabidopsis
of the Arabidopsis cryptochromes, as well as the phyto-cryptochrome is mediated through the C terminus. On
chromes, is that they serve to entrain the circadian clockfusion with b-glucuronidase (GUS), both the Arabi-
(Somers et al., 1998).dopsis CRY1 C-terminal domain (CCT1) and the CRY2
Several lines of evidence indicate a genetic interactionC-terminal domain (CCT2) mediate a constitutive light
between the cryptochrome and phytochrome photore-response. This constitutive photomorphogenic (COP)
ceptors. In view of the severity of the phenotype of thephenotype was not observed for mutants of cct1 cor-
phyA phyB double mutant when grown under blue light,responding to previously described cry1 alleles. We
it was proposed that CRY1 activity was dependent onpropose that the C-terminal domain of Arabidopsis
phytochrome (Ahmad and Cashmore, 1997). Whereas itcryptochrome is maintained in an inactive state in the
is now clear that CRY1 is still functional in this doubledark. Irradiation with blue light relieves this repression,
phytochrome mutant (Neff and Chory, 1998; Poppe etpresumably through an intra- or intermolecular redox
al., 1998), this activity could reflect coaction of CRY1reaction mediated through the flavin bound to the
and other phytochromes. At a minimum, there appearsN-terminal photolyase-like domain.
to be a synergistic action for the two classes of photore-
ceptors (Casal and Mazzella, 1998). In a similar mannerIntroduction
it has been proposed that the late-flowering phenotype
of cry2 reflects a negative genetic interaction betweenCryptochromes were first characterized through the iso-
CRY2 and phyB, with cry2 phyB mutants flowering earlylation of a T-DNA-tagged allele of hy4 (Ahmad and Cash-
in a manner similar to that of phyB mutants (Mockler etmore, 1993), an Arabidopsis mutant deficient in its re-
al., 1999). Furthermore, select cry1 alleles negativelysponse to blue/UV-A light (Koornneef et al., 1980). CRY1,
impact on phyB signaling, affecting hypocotyl elonga-the protein encoded by the HY4 gene, showed sequence
tion under red light as well as flowering time (Ahmad etsimilarity to photolyases, a family of proteins that medi-
al., 1998b). CRY1 has also been demonstrated to serve
ate repair of UV-damaged DNA. Photolyases are a rare
as a substrate for the protein kinase activity associated
class of flavoproteins that mediate a redox reaction in
with PHYA (Ahmad et al., 1998b).
response to the absorption of light (Sancar, 1994)—in The discovery of animal cryptochromes followed from
this respect, photolyases are photoreceptors. Whereas the characterization in Drosophila of a divergent class
cryptochromes are flavoproteins, they lack photolyase of photolyases, the (6–4) photolyases (Todo et al., 1996).
activity (Lin et al., 1995) and are commonly characterized Mammals also contain (6–4) photolyase-like sequences
by a distinguishing C-terminal domain, not present in (Todo et al., 1996). However, with the realization that
photolyases (Cashmore et al., 1999). When Arabidopsis these mammalian proteins lack photolyase activity, it
seedlings are grown under light, they have a shortened was proposed that they may serve as photoreceptors in
hypocotyl (the stem) relative to dark-grown seedlings. a manner analogous to the Arabidopsis cryptochromes
The hy4/cry1 mutant has a long hypocotyl when grown (Hsu et al., 1996). Furthermore, it was proposed that the
under blue or UV-A light (Koornneef et al., 1980; Ahmad function of the mammalian cryptochromes was likely
and Cashmore, 1993). By contrast, the mutant appears entrainment of circadian behavioral rhythms. Whereas
like wild-type when grown under red or far-red light— reverse genetic studies (Thresher et al., 1998; van der
under these conditions, the light-induced inhibition of Horst et al., 1999) and biochemical studies (Kume et al.,
hypocotyl growth is mediated by the phytochrome fam- 1999) clearly indicate a critical role for the mammalian
ily of photoreceptors (Deng and Quail, 1999). The Arabi- cryptochromes in circadian rhythms, these and other
studies (Griffin et al., 1999) have not established a role
for cryptochromes in photoperception.* To whom correspondence should be addressed (e-mail: cashmore@
sas.upenn.edu). In Drosophila, there also exists a (6–4) photolyase-like
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CRY gene, lacking any detectable photolyase activity. selectively expressed under blue and UV-A light (and to
a smaller extent, under green light), the CCT1 seedlingsHere, conventional genetic (Stanewsky et al., 1998), as
well as reverse genetic (Emery et al., 1998), approaches also exhibited the short-hypocotyl phenotype under red
and far-red light. Furthermore, under all growth condi-have been used to demonstrate a role for the fly crypto-
chrome as a photoreceptor affecting the entrainment of tions, the transgenic seedlings expressing GUS-CCT1
showed enhanced production of anthocyanin. The ma-behavioral rhythms. Indeed, the light-dependent activity
of the fly CRY protein has been reconstructed in yeast, jority of the adult plants of the CCT1 lines grew normally
in constant white light and set seeds. One of the lineswhere a light-dependent interaction between Drosophila
CRY and Timeless proteins has been demonstrated (Ce- [CCT1(16)] showed slight dwarfism.
In order to investigate expression of the GUS-CCT1riani et al., 1999).
To date, there is little information concerning the mode fusion protein in the transgenic lines not displaying a
COP phenotype, we randomly selected six of these linesof action for cryptochromes. It seems almost certain
that, as flavoproteins and by analogy with photolyases, and performed Western blots on extracts prepared from
these seedlings. We found that four of these lines didcryptochromes likely mediate a light-dependent redox
reaction. Here we report that, on fusion to GUS, the not express the CCT1 fusion protein at all—a Western
blot performed on an extract of one of these linesC-terminal domain of either Arabidopsis CRY1 (CCT1)
or CRY2 (CCT2) mediates a constitutive light response. [CCT1(23) ] is shown in Figure 1E. For the other two
lines, neither fusion protein nor endogenous CRY1 wasWe interpret this to mean that the C terminus is held in
a repressed state in its native environment. This inactive expressed (results not shown), indicating that gene si-
lencing has occurred in these lines. In keeping with thisCCT is presumed to be activated by a light-driven redox
reaction and must be present in the active form in the conclusion, when the latter two lines were grown in blue
light, they showed a phenotype similar to cry1 mutantsGUS-CCT fusion protein.
(data not shown). We examined many transgenic lines
expressing GUS alone, none of which exhibited a COPResults
phenotype. Taken together, the combined data demon-
strated that expression of the GUS-CCT1 fusion proteinTransgenic Arabidopsis Plants Expressing
conferred a COP phenotype, and that the severity ofa Fusion Protein Containing the CRY1
this phenotype correlated with the level of expressionC Terminus Display a COP Phenotype
of the transgene.Our initial attempts to explore the properties of the C
terminus of CRY1 (CCT1) were unsuccessful, as the
polypeptide was unstable in transgenic Arabidopsis Neither the C Terminus of Drosophila or Human
CRYs nor the C Terminus from Arabidopsisplants. In an attempt to circumvent this problem, we
expressed a fusion protein, with the expectation that phyA or phyB Is Able to Mediate
a COP Phenotypethis protein may show enhanced stability. With this aim
in mind, we prepared a construct expressing a fusion Animal cryptochromes, like the Arabidopsis CRY1 pro-
tein, are also characterized by a C-terminal extensionprotein in which CCT1 was joined to GUS (Figure 1A),
and we overexpressed this protein in wild-type Arabi- distinct from the related photolyase sequences. In the
case of Drosophila CRY for example, there is an exten-dopsis. We obtained 28 T1 transgenic lines, 17 of which,
when grown in the dark, displayed a striking constitutive sion of 34 amino acids that extends beyond the region
of homology to the related Drosophila (6–4) photolyasephotomorphogenic (COP) phenotype of fully opened
and expanded cotyledons as well as short hypocotyls (Stanewsky et al., 1998), and in the case of the human
CRY2, this C-terminal extension is 91 amino acids (Hsu(Figure 1B).
We examined, by Western blot analysis, extracts from et al., 1996). Neither of these sequences is as large
as commonly found for plant CRYs—for example, thethe CCT1 lines showing a COP phenotype. The antibody
used was prepared against CCT1 and, in the Western Arabidopsis CRY1 C-terminal extension is 192 amino
acids (Ahmad and Cashmore, 1993)—nor does eitherblots, the signal for the GUS-CCT1 fusion polypeptide
could be readily distinguished from the smaller and of these animal CRY C-terminal extensions show any
significant homology to the plant CRY sequence. In or-faster migrating endogenous CRY1 polypeptide (Figure
1D). All the lines showing a COP phenotype, three of der to define the specificity of the COP phenotype that
we had observed, we prepared constructs expressingwhich are shown in Figure 1D, expressed the GUS-CCT1
fusion protein at a level many fold higher than that ob- GUS fusion proteins containing the C terminus from the
Drosophila CRY and human CRY2 (Figure 1A), and weserved for the endogenous CRY1 protein. The severity
of the COP phenotype varied for independent lines (Fig- expressed these in Arabidopsis plants. None of the more
than 40 transgenic seedlings we examined for eachure 1C) and Western blot analysis showed that this posi-
tively correlated with expression of the GUS-CCT1 fu- construct displayed a COP phenotype, compared with
approximately 60% of the seedlings expressing thesion protein (Figure 1E).
When siblings of homozygous CCT1 lines that exhib- Arabidopsis CCT1 displaying this phenotype. A similar
negative result was obtained on expressing a GUS fu-ited a COP phenotype were grown under blue light,
these transgenic lines exhibited a phenotype similar to sion protein containing the full-length human CRY2 se-
quence (Figure 1A).that of CRY1 overexpressing lines (Figure 1C)—that is,
these seedlings exhibited a shortened hypocotyl relative Plant phytochrome molecules, somewhat like crypto-
chromes, can be subdivided into an N-terminal chromo-to wild type. However, in contrast to CRY1-overexpress-
ing lines (Lin et al., 1996), the phenotype of which is phore binding fragment and a C-terminal transmitting
CRY C Termini Mediate a Constitutive Light Response
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Figure 1. Expression of GUS-CCT Fusion
Proteins in Arabidopsis
(A) Schematic diagrams displaying the chi-
meric genes. The CCT1 sequence refers to
the Arabidopsis CRY1 C-terminal domain,
whereas DmCCT and HsCCT2 refer to C-ter-
minal sequences from the Drosophila CRY
and human CRY2 sequences, respectively.
HsCRY2 is the full-length human CRY2 se-
quence and PHYA and PHYB refer to the Ara-
bidopsis phytochrome sequences.
(B) CCT1 mediates a COP phenotype. The
seedling on the right is a 6-day-old dark-
grown transgenic CCT1 seedling exhibiting
the short hypocotyl, open and fully expanded
cotyledons, and a high level of anthocyanin
accumulation typical of such seedlings. On
the left is a wild-type (Col) seedling.
(C) CCT1 seedlings are hypersensitive to
light. The CCT1 grown seedlings in the dark
correspond to two siblings from a segregat-
ing T2 line. The shorter seedling on the left
contains two T-DNA inserts and the seedling
on the right contains one T-DNA insert. In the
other panels, CCT1 seedling are shown after
growth under blue, red, and far-red light. The
scale bar represents 5 mm.
(D) Immunoblot of GUS-CCT1 fusion protein
expression in three independent CCT1 lines
showing the COP phenotype. CRY1 ovx is
protein from a transgenic line overexpressing
CRY1.
(E) Immunoblot shows that line CCT1(23),
which showed no COP phenotype, did not
express the GUS-CCT1 fusion protein. The
level of expression of the GUS-CCT1 fusion
protein observed for the other two CCT1 lines
positively correlated with the severity of their
phenotype as shown in the “Dark” panel of
Figure 1C (the sample on the right in Figure
1E corresponds to the seedling on the left in
Figure 1C “Dark” and the middle sample in
Figure 1E corresponds to the seedling in the
middle of Figure 1C “Dark”).
domain. In the case of Arabidopsis phyA and phyB, the respective fusion proteins were obtained in Arabidopsis,
as indicated by Western blots involving GUS-specificN- and C-terminal domains of the two molecules can
be interchanged to generate hybrid phytochromes that antibody (results not shown).
retain photochromicity and biological activity (Wagner
et al., 1996). Expression of the C terminus of Arabidopsis The C Terminus of Arabidopsis CRY2 also Confers
a COP PhenotypephyA or phyB confers a dominant negative phenotype
in transgenic Arabidopsis seedlings (Boylan et al., 1994). Whereas the C terminus of Arabidopsis CRY2 (CCT2),
the second member of the Arabidopsis cryptochromeAlso, the C termini of both Arabidopsis phyA and phyB
have been studied as both GUS- and GFP-fusions in family, shares little sequence homology with that of
CRY1, the two sequences are functionally related, as anuclear localization studies (Sakamoto and Nagatani,
1996; Kircher et al., 1999). We entertained the possibility CRY1-CRY2 fusion protein resulting from interchange
of the respective C termini is functionally active (Ahmadthat the dark phenotype, that we have described here
for CCT1, may have been overlooked in these earlier et al., 1998a). To explore whether CCT2 was able to
mediate a COP phenotype, we prepared expression vec-phytochrome studies, and hence we prepared con-
structs expressing GUS fused to the C terminus of either tors for GUS-CCT2 (Figure 2A), and generated Arabi-
dopsis plants expressing these constructs. Of the 32phyA or phyB (Figure 1A). Neither of these GUS-PHY
fusion proteins mediated a COP phenotype (results not independent transgenic lines we prepared, 17 displayed
a COP phenotype. The percentage of transformants ex-shown). For both our studies concerning the animal CRY
sequences, as well as those involving the PHY C-termi- pressing the COP phenotype was similar to that ob-
tained for CCT1. Furthermore, the phenotype of thenal fragments, significant levels of expression of the
Cell
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Figure 2. Construction and Analysis of Transformants Containing GUS-CCT2 Protein and GUS-CCT1 Mutant Proteins
(A) CCT2 and CNT2 refer to the C-terminal and N-terminal domains of Arabidopsis CRY2, respectively, and CNT1 refers to the N-terminal
domain of Arabidopsis CRY1. CCT1-10, CCT1-19, and CCT1-20 are constructions bearing point mutations that correspond to cry1 alleles.
(B) Western blot analysis of CCT2 plants using antibody against CCT2.
(C–E) Western blot analysis of GUS-CCT1-10, -19, and -20 plants.
CCT2 lines under blue, red, and far-red light was also domain of either CRY1 or CRY2 was capable of trig-
gering a COP phenotype. We prepared vectors ex-similar to that observed for CCT1 (Figure 3). However,
none of the CCT2 phenotypes was as pronounced as pressing the corresponding GUS fusions (Figure 2A) and
prepared many independent lines expressing these con-those we observed for many of the CCT1 lines. We
selected seven independent GUS-CCT2 transformants structs. Whereas Western blot analysis, using antibody
against GUS, demonstrated that the fusion proteinsexpressing a COP phenotype, and performed Western
blot analysis on extracts using antibody prepared were expressed (data not shown), none of these lines
showed a COP phenotype (results not shown).against CCT2. These analyses showed that all of the
lines exhibiting a COP phenotype expressed a high level
of the GUS-CCT2 fusion protein (Figure 2B)—a picture Point Mutations within the CRY1 C Terminus
Eliminated Its Ability to Confer a COP Phenotypeof a dark-grown seedling of one of these transformants
is shown in Figure 3. We have previously described more than 30 mutants
of hy4/cry1 that show unusually long hypocotyls whenWe also investigated if the N-terminal photolyase-like
Figure 3. Phenotype of CCT2 and Mutant CCT1 Seedlings
The CCT2 seedling (expressing GUS fused to the C terminus of CRY2) showed a COP phenotype, under all growth conditions, similar to that
observed for CCT1 lines. The CCT1-10 seedling, expressing a mutant form of the CCT1 fusion protein, did not display COP phenotype, nor
did any of the other mutants examined. The scale bar represents 5 mm.
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grown under blue light (Ahmad and Cashmore, 1993; cop mutants are commonly characterized by gene
expression in dark-grown seedlings that is normallyAhmad et al., 1995). These mutants are also attenuated
in their capacity to synthesize anthocyanins (Ahmad et only observed in the presence of light. We also observed
a small but reproducible increase in expression ofal., 1995). Indeed, for all of the alleles we studied, we
found a strong correlation between the severity of the genes for the chlorophyll a/b binding proteins (CAB), the
small subunit of ribulose-1, 5-bisphosphate carboxylasetwo phenotypes, prompting us to conclude that the ini-
tial signaling event for these two responses was likely (RBCS), and chalcone synthase (CHS) in dark-grown
CCT1 seedlings (results not shown).to be the same. Many of these mutant alleles corre-
sponded to mutations within the C terminus, demonstrat-
ing the functional importance of this domain. Three of Anthocyanin Levels Are Enhanced
these mutations were conservative arginine to lysine in CCT Seedlings
substitutions (hy4-10, hy4-23, and hy4-24), and three By visual inspection, the CCT seedlings were observed
corresponded to glutamic acid to lysine substitutions to have enhanced levels of anthocyanin. We measured
(hy4-19, hy4-20, and hy4-22). To determine if these point the amount of anthocyanin present in the CCT1 seed-
mutations within the CRY1 C terminus compromised its lings and compared these with wild-type plants. A dra-
ability to confer a COP phenotype, we constructed three matic increase in the amount of anthocyanin was ob-
vectors expressing mutant GUS-CCT1 fusion proteins served for the CCT1 seedlings grown in the dark, as
corresponding to the above-mentioned hy4-10, hy4-19, well as for those grown under blue, red, or far-red lights
and hy4-20 alleles (Figure 2A). We analyzed close to 50 (Figure 4B). These findings are consistent with our earlier
independent transgenic lines for each of the mutant observations showing a reduction in anthocyanin pro-
CCTs. None of these transgenic lines showed a COP duction in cry1 mutants (Ahmad et al., 1995), and are
phenotype. To determine if the point mutations affected similar to our findings concerning an overproduction of
the level of expression of the GUS fusion protein, West- anthocyanins in CRY1-overexpression lines (Lin et al.,
ern blot analysis was conducted on 8 independent lines 1996). However, as in the case of inhibition of hypocotyl
for each transgene (Figures 2C–2E). Some of the lines, elongation, for the CCT seedlings, the enhanced pro-
such as CCT1-10(3) (Figure 2C), expressed neither the duction of anthocyanin occurred under all light condi-
GUS fusion protein nor the endogenous CRY1, presum- tions tested, whereas the corresponding studies with
ably a result of cosuppression. However, for each trans- CRY1-overexpressing plants showed selective hyper-
gene, many of the transformants expressed high levels sensitivity to UV-A and blue light (Lin et al., 1996).
of the GUS-CCT1 mutant fusion protein. One of the
transformants assayed, CCT1-10(41), which had the The COP Phenotype Conferred by the CCT1
highest fusion protein level (Figure 2C), is shown in Fig- Transgene Is Observed in Arabidopsis Mutants
ure 3. Clearly, both in the dark and under the three light Lacking Either CRY1, phyA, or phyB
conditions that we examined, there was no discernible It was of interest for us to determine whether the COP
difference between the wild-type seedling and the trans- phenotype mediated by CCT was dependent on either
genic seedling expressing the mutant form of CCT1. cryptochrome or phytochrome. Accordingly, we gener-
From these studies, we conclude that mutations within ated, by appropriate crosses followed by selection from
CCT1 eliminate its capacity to confer a COP phenotype segregating F2 populations, transgenic plants express-
in a manner strikingly similar to the effect of these muta- ing CCT1 in the cry1, phyA, phyB, and hy1 mutant back-
tions on the full-length CRY1 protein. grounds. With respect to both cotyledon size and hypo-
cotyl length, all of these mutants, other than the far-red
light-grown CCT1 phyA double mutant, had a similarCCT1 Stimulates Plastid Development in the Dark
Several of the det/cop mutants have been characterized phenotype to their transgenic parent when grown in
dark, blue, red, or far-red light (Table 1). The far-red light-by their capacity to initiate chloroplast development in
dark-grown seedlings, in a manner normally seen only grown CCT1 phyA double mutant had a taller hypocotyl
than CCT1, but was considerably shorter than dark-in the presence of light (Chory et al., 1989; Chory and
Peto, 1990; Deng et al., 1991). In view of the similarity grown CCT1 phyA and had fully expanded cotyledons
(in contrast to the phyA mutant), indicating a far-redof the phenotypes of these mutants and those we have
described for the GUS-CCT seedlings, we examined light response mediated by something other than phyA.
In order to demonstrate beyond any doubt the capac-chloroplast development in the cotyledons using elec-
tron microscopy. As shown in Figure 4A, chloroplast ity to generate a CCT-mediated COP phenotype in these
photoreceptor-deficient backgrounds, we also intro-development was indistinguishable for the light-grown
CCT1 and wild-type seedlings. Similarly, the size of the duced the GUS-CCT1 transgene into each of the mutant
backgrounds by direct transformation. We obtained theplastids within the cotyledons of dark-grown CCT1
seedlings was identical to those of the dark-grown wild- same high percentage of primary transformants (greater
than 60%) displaying a COP phenotype in the photore-type cotyledons. However, the dark-grown CCT1 seed-
lings showed signs of chloroplast development, as ceptor-deficient mutant background (data not shown)
as we had originally obtained on transformation of wild-shown by both the lack of prolamellar bodies and the
presence of parallel thylakoid membranes, similar in type plants. When grown under the different light con-
ditions, these CCT1 transformants showed the samethese respects to plastid development observed for sev-
eral dark-grown det/cop mutants (Chory et al., 1989; suppression of the long hypocotyl phenotype, normally
associated with a deficiency in light signaling, as weChory and Peto, 1990; Deng et al., 1991).
As well as affecting chloroplast development, the det/ observed for the double mutants described above. Fur-
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Figure 4. CCT Affects Plastid Development and Anthocyanin Production
(A) EM picture showing loss of the prolamellar body and development of the thylakoid membrane system in the CCT dark sample, not observed
in the WT, dark control.
(B) CCT1 seedlings [CCT1(13) and CCT1(16)] accumulate higher levels of anthocyanin when grown in dark, or under blue, red or far-red lights.
thermore, in T2 lines we observed the expected segrega- To determine if there was an interaction between
CCT1 and phyB in regulating flowering time, we exam-tion of seedlings displaying the phenotype of either the
phytochrome or cryptochrome mutants. ined the flowering time of the CCT1 phyB double mutant.
As shown in Figures 5B and 5C, the double mutant
flowered significantly earlier than either parent. This ob-CCT Plants Flower Early in Short-Day
Light Condition servation held for the double mutants derived by sexual
cross, as well as those obtained by direct transformationCCT1 plants grown in continuous light flowered at ap-
proximately the same time as wild type. However, when (Figure 5C). From these studies, we conclude that CCT1
and phyB act additively in regulating flowering time.grown in short-day light condition (8 hr light/16 hr dark),
the CCT1 plants flowered significantly earlier than wild
type, as indicated by both the number of leaves at bolt- GUS-CCT1 and GUS-CCT2 Show Distinct Nuclear
Localization Propertiesing and days to flowering (Figure 5). Similarly, CCT2
plants, expressing the C terminus of CRY2 fused to In order to further our understanding of how the CCTs
function, we determined the cellular localization of theGUS, also flowered early (Figure 5C). By contrast, plants
expressing the three different point mutants of CCT1, GUS-CCT fusion proteins. The CCT2 sequence contains
two bipartite nuclear localization signals (NLS) and thereall flowered at the same time as wild type (Figure 5C).
Compared with the phyB mutant, CCT plants needed have been two reports demonstrating that CCT2 is nec-
essary and sufficient for nuclear targeting of CRY2 (Guomore leaves to flower. However, in terms of days-to-
flowering, the CCT1 plants and the phyB mutant were et al., 1999; Kleiner et al., 1999). In contrast, CCT1 (and
CRY1) has no obvious NLS, although we have previouslyindistinguishable (Figures 5A and 5C).
Table 1. The CCT COP Phenotype and Hypersensitivity to Light Is Displayed in Various Photoreceptor-Deficient Arabidopsis Mutants
Hypocotyl Length Hypocotyl Length Hypocotyl Length Hypocotyl Length
Genotypes of Plants in Dark (mm) in Blue (mm) in Red (mm) in Far-Red (mm)
WT (Col) 14.0 6 0.4 5.1 6 0.2 7.9 6 0.3 3.4 6 0.1
CCT1 7.2 6 0.5 3.1 6 0.3 3.2 6 0.2 2.2 6 0.2
CCT1 cry1 7.9 6 0.5 3.4 6 0.3 3.5 6 0.2 2.2 6 0.2
cry1 13.9 6 0.4 11.2 6 0.5 7.9 6 0.3 3.5 6 0.2
CCT1 phyA 8.2 6 0.4 3.7 6 0.3 3.9 6 0.3 5.7 6 0.2
phyA 13.9 6 0.3 6.3 6 0.3 8.1 6 0.2 12.3 6 0.3
CCT1 phyB 8.2 6 0.5 3.1 6 0.2 3.4 6 0.3 2.1 6 0.2
phyB 13.8 6 0.3 5.1 6 0.2 13.0 6 0.3 3.4 6 0.2
CCT1 hy1 7.8 6 0.4 3.4 6 0.3 3.2 6 0.5 2.8 6 0.4
hy1 14.0 6 0.2 6.7 6 0.3 13.4 6 0.3 12.9 6 0.3
The double mutants were generated by sexual crosses of CCT plants and various photoreceptor-deficient Arabidopsis mutants. Hypocotyl
lengths were measured for 6-day-old seedlings after growth in the dark or under the different light conditions. Measurements were performed
on 30 seedlings of each genotype. Error values represent standard error.
CRY C Termini Mediate a Constitutive Light Response
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Figure 5. CCT Plants Flower Early
(A) The picture shows the CCT1 plant (line 16)
flowers earlier than wild type, and at about
the same time as the phyB mutant in short-
day light condition (8 hr light/16 hr dark).
Scale bar, 10 mm.
(B) The CCT1 phyB double mutant, derived
from sexual cross of CCT1(13) and phyB mu-
tant, flowered significantly earlier than the
CCT1 and phyB mutant parents. This ex-
tremely early flowering phenotype was also
observed for transgenic phyB CCT1 lines de-
rived by direct transformation of the phyB
mutant with the CCT1 transgene. Scale bar,
10 mm.
(C) Flowering time expressed as both number
of leaves at bolting and days to flowering for
CCT1, CCT2, CCT1 phyB double mutant de-
rived from sexual cross, phyB CCT1 trans-
genic plant derived from direct transforma-
tion, and mutant CCT1 plants (CCT1-10,
CCT1-19, and CCT1-20). Error bars represent
standard error.
shown that a GFP-CRY1 fusion protein is localized to to photolyases, by mediating a light-dependent redox
reaction (Cashmore, 1997; Cashmore et al., 1999)—the nucleus in dark-grown Arabidopsis seedlings (Cash-
more et al., 1999). On examining the cellular localization however, relatively little progress has been made regard-
ing this question. The studies reported here representof GUS-CCT1 in the transgenic Arabidopsis seedlings,
we found that, in the dark, the majority of the fusion a significant advance in our understanding of the mecha-
nism of action of cryptochrome. As the C-terminal do-protein was in the nucleus (Figure 6). In contrast, when
the seedlings were grown under white light, the GUS- mains of Arabidopsis cryptochromes are constitutively
active as fusion proteins, this means that: (1) theseCCT1 fusion was depleted from the nucleus and found
primarily in the cytoplasm. In agreement with previous C-terminal fragments contain all of the sequence infor-
mation necessary for signaling; (2) in dark-grown Arabi-studies (Guo et al., 1999; Kleiner et al., 1999), we found
that GUS-CCT2 was localized to the nucleus for both dopsis seedlings, the C-terminal domains of native
cryptochromes must exist in a repressed state; (3) thethe dark- and light-grown seedlings.
cryptochrome C termini must be derepressed in light-
grown seedlings, presumably the result of a light-medi-Discussion
ated redox reaction.
Cryptochromes were first characterized at the molecular
level almost eight years ago (Ahmad and Cashmore, CCT Mediates a COP Phenotype in the Dark
Our results clearly and unambiguously demonstrate that1993). Since then, we have speculated that crypto-
chromes are likely to function in a manner analogous expression of the C terminus of either Arabidopsis CRY1
Cell
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Figure 6. The Subcellular GUS Staining Pattern of Root Hair Cells of CCT1 and CCT2 Transgenic Seedlings
Transgenic seedlings expressing either GUS-CCT1, GUS-CCT2, or GUS, were grown in either dark or continuous white light for 5 days prior
to histochemical analysis. The GUS-CCT2 fusion protein was localized to the nucleus under both growth conditions, as indicated by colocaliza-
tion of GUS and DAPI staining. The GUS-CCT1 protein was also localized to the nucleus in the dark sample, but was observed to be primarily
cytoplasmic for the seedlings grown under light. The GUS control protein was cytoplasmic under both growth conditions. Scale bar, 20 mm.
or CRY2, as fusion proteins with GUS, confers a striking hypersensitive light responses observed for these CCT1
seedlings must reflect a synergism between the consti-phenotype on dark-grown Arabidopsis seedlings. This
phenotype is remarkably similar to the constitutive light tutive responses mediated by CCT and a light response
mediated by one or more of the cryptochrome and/orresponses exhibited by the many cop mutants that have
been described (Deng et al., 1991; Wei and Deng, 1999). phytochrome photoreceptors. These observations are
reminiscent of the synergy observed between phyto-The CCT phenotype is also similar in several respects
with det1 and det2 mutants (Chory et al., 1989; Chory, chrome and cryptochrome (Casal and Mazzella, 1998),
and is one of several examples of how the properties1992), although these are distinguished by late flowering
and reduced apical dominance. of CCT are remarkably similar to those of cryptochrome
itself.A large number of controls indicate a high degree
of specificity for the CCT-mediated phenotype. Most The hypersensitive light-mediated inhibition of hypo-
cotyl elongation of the CCT1 seedlings is observed evensignificantly, mutant CCTs corresponding to alleles of
cry1 that are attenuated in blue light signaling were in mutants lacking either phyA or phyB (Table 1). This
is remarkable in the case of the CCT1 phyA doubletotally ineffectual in conferring this response. These re-
sults clearly argue that the observations concerning the mutant, as phyA is clearly the predominant photorecep-
tor mediating this response under far-red light (Whitelamphenotype of the CCT transgenic plants are physio-
logically meaningful, and indicate that the mechanism and Devlin, 1998). However, a small but significant re-
sponse of the phyA mutant to far-red light has beenby which the Arabidopsis cryptochromes function is
through derepression of the C terminus. reported by others (Fankhauser and Chory, 2000). Signif-
icantly, anthocyanin production for the CCT1 phyA dou-
ble mutant under far-red light, is not distinct from thatCCTs Confer Hypersensitivity to Light
observed in darkness (results not shown). These find-The CCT phenotype is markedly more pronounced in
ings demonstrate that there is a photoreceptor, distinctlight-grown seedlings than in the dark. That this is not
from phyA (presumably one of the other phytochromes),simply an additive effect is illustrated by comparing an-
which can act synergistically with CCT1 in affecting hy-thocyanin production observed after growth in the dark
pocotyl elongation, but not anthocyanin production, inwith, for example, growth under red light. Here, there is
response to far-red light.close to zero units of anthocyanin for the wild-type con-
trol in both dark and red light. However, for the CCT1
seedlings, whereas there is a substantial increase in The CCT-Mediated COP Phenotype Is Observed
in Photoreceptor-Deficient Mutantsanthocyanin production in the dark sample, this amount
is increased almost 5-fold in the light-grown sample In analyzing our initial findings, we first entertained the
possibility that the CCT phenotype may reflect an inter-(Figure 4B). As CCT1 itself presumably cannot mediate
a light response—it lacks the flavin binding domain—the action between CCT and phytochrome. We envisaged
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a possibility whereby the constitutively active CCT mole-
cule might interact with the inactive Pr form of phyto-
chrome and induce a change to the active Pfr form.
Such a reaction would result in a light-independent, but
phytochrome-dependent, phenotype. Our demonstra-
tion that CCT1 is active in the phyA, phyB, and hy1
mutants appears to argue against this model. However,
the hy1 mutant is not deficient in all phytochrome re-
sponses (Chory et al., 1989), and hence the involvement
of phytochromes, other than phyA or phyB, in the CCT
response cannot be eliminated.
CCT Affects Flowering Time
A striking phenotype of transgenic plants expressing
either CCT1 or CCT2 is that the plants flower early—they
flower at approximately the same time as phyB mutants.
This finding is in keeping with the observation that, under
certain conditions, cry1 and cry2 mutants flower late
(Koornneef et al., 1991; Bagnall et al., 1996; Guo et al.,
1998). When cry2 mutants are grown under blue light,
they flower like wild type, the late-flowering phenotype
being observed only if the mutants are grown under blue
plus red, or under white light (Mockler et al., 1999). For
this reason, it was proposed that that the effect of CRY2
on flowering was dependent on phytochrome, and, in
keeping with this proposal, the cry2 phyB double mu-
tants flower at approximately the same time as the phyB
mutant.
In contrast to the above observations, we found that
plants expressing the GUS-CCT1 transgene in the phyB
mutant background flowered even earlier than the phyB
mutant. That is, for these plants we did not observe the
epistasis of phyB that was observed for the phyB cry2
double mutant. In molecular terms, the flowering pheno-
type mediated by CRY2 (as demonstrated in the cry2
mutant studies) shows a dependence on phyB. By con-
Figure 7. Mode of Action of Cryptochrometrast, the flowering phenotype mediated by GUS-
CCT1—presumably indicative of the action of CRY1—is (A) Photolyase Model. In this model, electron transfer occurs from
the flavin (F) to the signaling partner (X). The C terminus (CCT)apparently independent of phyB. A simple explanation
undergoes no change upon light activation and, in this respect, thefor these contrasting results would be that CRY1 and
model is inconsistent with the reported data.CRY2 affect flowering through fundamentally different
(B) Intermolecular Redox Model. This model, like (A), involves an
pathways. An alternative explanation is that the effect intermolecular redox reaction, as a result of which the regulatory
of CCT1 on flowering is dependent on phytochrome, molecule Y is released and the exposed CCT binds signaling part-
and in the phyB mutant expressing the GUS-CCT1 trans- ner, X.
(C) Intramolecular Redox Model. In this model, CRY undergoes agene, this phytochrome requirement is provided by one
light-induced intramolecular redox reaction, as a result of whichof the other phytochromes, such as PhyD. Flowering is
the CCT undergoes either a change in its redox state and/or aknown to be affected by phyD, as the double phyB phyD
conformational change. This active form of the CCT (presumed to
mutant flowers earlier than the monogenic phyB mutant be present in the GUS-CCT fusion protein) then binds the signaling
(Devlin et al., 1999). partner X.
There is another interesting point that is illuminated
by the early flowering phenotype of plants expressing
either the CCT1 or CCT2 transgene. As discussed, cry1 ent in the transgenic plants may be higher than obtained
upon overexpression of the full-length CRY1. Alterna-and, in particular, cry2 mutant plants have a well-charac-
terized late-flowering phenotype. The early-flowering tively, these results may reflect a more subtle regulation,
negatively impacting on the full-length CRY1 transgenephenotype of plants overexpressing either CCT1 or
CCT2 is in keeping with this observation. By contrast, but not the GUS-CCT transgene.
transgenic Arabidopsis plants overexpressing either
CRY1 or CRY2, flower essentially like wild type. These Intracellular Location of CCT1 and CCT2
GUS-CCT1 was present in the nucleus in dark-grownobservations argue that there must be a negative regula-
tory system negating the potential effect of CRY1 over- Arabidopsis seedlings but was found in the cytoplasm
in light-grown seedlings. This light-induced change inexpression on flowering, but not impacting on CCT1
overexpression. This effect could be acting simply at the intracellular location of the CCT1 fusion protein is
strikingly similar to that described for COP1 (von Arnimthe level of expression—the amount of GUS-CCT1 pres-
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and Deng, 1994). However, this light-induced change in function is achieved through a signaling event mediated
through the C terminus. This conclusion follows fromthe location of CCT1 appears to be unrelated to its
activity, as the CCT2 fusion protein, which confers a our findings concerning the activity of the GUS-CCT
transgenes and is in keeping with our early observationsphenotype which is essentially the same as that medi-
ated by CCT1, is localized to the nucleus in both dark- regarding mutant cry1 alleles containing lesions within
the C terminus (Ahmad and Cashmore, 1993; Ahmad etand light-grown seedlings. One interpretation of these
observations is that the signaling mediated by CCT1 in al., 1995). This signaling likely involves interaction of
CCT with another protein(s) and the identity of such alight-grown seedlings is achieved in the nucleus prior
to location of CCT1 in the cytoplasm. An alternative protein is obviously of interest.
Many of the properties of Arabidopsis seedlings ex-interpretation is that CCT-signaling is achieved, irre-
spective of its location in the cytoplasm or nucleus. pressing the CCT transgenes are reminiscent of mutants
that affect either COP1 or the COP9 complex. Mutations
in COP1, a zinc finger protein, result in short hypocotylsA Model
in the dark, abnormal gene expression and chloroplastWe have always assumed that cryptochromes function
development (Deng et al., 1991, 1992; Deng and Quail,in a manner analogous to photolyases, mediating a light-
1992), similar to those we have described here for thedriven redox reaction. We have argued that such a reac-
CCT-expressing plants. Whereas many alleles of cop1tion could be either intermolecular or intramolecular
are sterile, weak alleles are fertile and flower early, again(Cashmore, 1997; Cashmore et al., 1999). In the simplest
similar in these respects to the CCT plants. Many ofform of the “intermolecular model,” cryptochrome acti-
these properties of cop1 alleles are shared by mutantsvates a signaling partner, bound to the C teminus (Figure
affected in one or other member of the COP9 signalo-7A). In this model, which is very similar to the mode of
some (Wei and Deng, 1992; Wei et al., 1994; Staub etaction of photolyases, the C terminus undergoes no
al., 1996), a multisubunit complex that has homologieschange as a result of irradiation. It is the bound signaling
to animal proteins and is believed to play a role in proteinpartner that undergoes a redox-induced change, with
degradation (Chamovitz et al., 1996; Kwok et al., 1998).the function of CCT simply being to bind this partner.
The COP9 complex is required for COP1 accumulation,From the results that we have presented, this model is
which in turn negatively regulates photomorphogenesis.wrong, as the “isolated” CCT clearly displays properties
This latter step involves HY5, a bZIP DNA binding proteindistinct from those associated with CRY present in dark-
that physically interacts with COP1 (Ang et al., 1998;grown seedlings. Furthermore, as these properties of
Torii et al., 1998). HY5 levels are increased in the light,the CCT are strikingly similar to those of light-activated
apparently a result of COP1 translocation from the nu-CRY, and are not displayed by mutants of CCT, we
cleus to the cytoplasm (Osterlund et al., 2000).presume that they are physiologically meaningful.
In view of the similarity of the mutant plants expressingAn alternative version of the “intermolecular model”
CCT and both the COP1 mutants and mutants of theis in keeping with our observations. In this model, on
subunits of the COP9 complex, we consider the follow-light-induced activation, a regulatory molecule (Y) is re-
ing as a likely explanation for the CCT phenotype: subse-leased from its complex with CRY, thus exposing CCT
quent to the redox-mediated activation of the C termi-and enabling binding to the signaling partner X (Figure
nus, we propose that CCT binds to one of four possible7B). This model is similar in some ways to the regulation
types of signaling partners (depicted as X in Figure 7).of protein kinase A (Taylor et al., 1990), or glucocorticoid
In the first option, CRY interacts in a negative mannerreceptor (Pratt, 1997), where ligand binding results in a
with COP1, in this manner phenocopying loss-of-func-change in conformation and release of regulatory sub-
tion cop1 alleles. In a similar manner, light-activatedunits. For this model to hold, CRY would need to be
CRY may negatively interact with any one of the manyfully associated in the dark with such a presumptive
COP9 signalosome subunits; again these interactionsnegative regulatory subunit.
would phenocopy loss-of-function mutations affect-In contrast to photolyases, cryptochrome may func-
ing any of the subunits of this complex. Third, CRYtion through an intramolecular redox reaction, resulting
may interact with signaling molecules downstream, orin a change in the chemical properties of the CCT (Figure
(fourth) upstream from the COP1 and the COP9 com-7C). If the catalytic form of the flavin in CRY is in the
plex. In future studies, the details of the redox reactionform of FADH2, as it is in photolyases (Sancar, 1994),
and the identity of these CRY signaling partner(s) needthen the most likely acceptor for a light-induced redox
to be identified. Furthermore, it will be of interest to seechange is a cysteine residue. CCT1 does not contain any
if the general properties described here for Arabidopsiscysteine residues, and therefore such an intramolecular
CRY, are found to hold for animal cryptochromes, which,redox reaction would need to be restricted to the
at least in the case of Drosophila CRY, also function asN-terminal photolyase-like domain of CRY1. Alterna-
photoreceptors (Emery et al., 1998, 2000; Stanewsky ettively, the catalytically active form of the flavin for CRY
al., 1998).may be FAD or the semiquinone (FADH.), which we have
demonstrated for CRY1 to be surprisingly stable (Lin et
Experimental Proceduresal., 1995). The significance of this point is that the flavin
in either of these redox states may act as an electron
Construction of Expression Cassettes, Transformation,acceptor, and a tryptophan residue (for example) could
and Growth of Plants
serve as the corresponding donor. Fragments of the cDNAs of the Arabidopsis CRY1, CRY2, phyA,
Somewhat irrespective of the details of the light- phyB, Drosophila CRY, and human CRY2 were fused to the C termi-
nus of GUS in pBluescript SK(1)(Stratgene). The fusions were ex-induced activation of CCT, our data indicate that CRY
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